Abstract. The NA62 experiment at CERN collected a large sample of charged kaon decays with a highly efficient trigger for decays into electrons in 2007. A measurement of the electromagnetic transition form factor slope of the neutral pion in the time-like region from about one million fully reconstructed π 0 Dalitz decays is presented. The limits on dark photon production from a sample of about 1.7 × 10 7 π 0 Dalitz decays collected in 2003-2004 by the earlier kaon experiment at CERN NA48/2 are also reported.
Introduction
High intensity kaon experiments provide great opportunities for precision π 0 decay measurements since kaons are a source of tagged neutral pion decays. The NA48/2 experiment at CERN SPS took data in 2003-2004 using simultaneous K + /K − beams, collecting about 2 × 10 11 K ± decays in the fiducial decay volume. In 2007 a 10 times smaller K ± decay sample was collected by the NA62 experiment exploiting an improved set-up of the NA48/2 detector with lower intensity beams and minimum bias trigger conditions. This paper reports neutral pion physics results from both experiments. The preliminary measurement of the π 0 electromagnetic transition form factor (TFF) slope parameter is based on a sample of 1.05 × 10 
Beam and detector
The beam line of the NA48/2 experiment [1] was designed to provide simultaneous K + /K − beams: positive and negative hadron beams were produced in the same beryllium target by impinging 400 GeV/c protons from the CERN SPS accelerator. Charged particles with momenta of (60±3) GeV/c were selected by an achromatic system of four dipole magnets splitting the two beams in the vertical plane and recombining them on a common axis. Kaon decays were collected in a 114 m long fiducial decay region contained in a cylindrical vacuum tank. This line was also used by NA62 in 2007 at lower beam intensity with K + and K − beams alternatively produced with a momentum range (74±1.4) GeV/c. The beams were mostly composed of π ± , with a K ± fraction of approximately 6%.
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Charged decay product momenta were measured by a magnetic spectrometer consisting of two sets of drift chambers and a central dipole magnet, providing a momentum resolution σ(p)/p = (1.02 ⊕ 0.044 · p)% in 2003-2004 and σ(p)/p = (0.48 ⊕ 0.009 · p)% in 2007 (p in GeV/c). A hodoscope consisting of two planes of plastic scintillators segmented into horizontal and vertical strips provided a fast trigger for charged particles with very good (∼150 ps) time resolution. A liquid Krypton calorimeter (LKr), 27 X 0 deep, was used to measure electromagnetic energy deposition of photons and electrons with a resolution σ E /E = (3.2 √ E ⊕ 9%/E ⊕ 0.42)% (E in GeV). The detector was completed by a hadron calorimeter followed by a muon veto system. A detailed description of the experimental apparatus can be found in Ref. [2] .
3 Measurement of the π 0 electromagnetic transition form factor slope in NA62
Hadron-photon couplings are fundamental observables in particle physics. They can be described in terms of form factors merging effects due to the underlying structure of hadrons, hence precision measurements of Transition Form Factors (TFF) are very significant probes to investigate electromagnetic interactions and the internal structure of hadrons. The π 0 electromagnetic TFF also enters the prediction of significant observable quantities, such as the rate of the rare decay π 0 → e + e − and the hadronic light-by-light scattering contribution to the magnetic moment (g − 2) µ of the muon [3] . Improved measurements have been recently made available from studies of the radiative and Dalitz meson decays as well as from meson production in photon-photon processes: precise model independent measurements of the π 0 TFF slope parameter are essential to set new stricter constraints on theoretical models.
Pions are the lighest mesons, well suited to probe low energy hadron dynamics and copiously produced in kaon decays, therefore kaon experiments are ideal environments for precision studies of the pion properties: since neutral pions are produced in four of the six main decay modes of the charged kaons, the NA62 experiment can also be considered as a π 0 factory.
Measurement principle
The π 0 Dalitz decay π 
where the variable kinematic limits are r 2 ≤ x ≤ 1 and −β ≤ y ≤ β, with r = 2m e /m π 0 and β
where Γ(π ω )/2 ≈ 0.03, which is in agreement with further theoretical studies [7] [8] [9] [10] . Radiative corrections play a crucial role in the π 0 TFF measurment since their effect on the differential decay rate is comparable to the TFF one: the first study of radiative corrections in the soft-photon approximation [11] was extended by adding virtual photon contributions and photon bremsstrahlung [12] and recently improved in Ref. [13] including one-loop one-photon irreducible contibutions. The latter calculations were implemented in the NA62 Monte Carlo (MC) simulation. LO decay x spectrum, LO x spectrum including TFF effects with slope a = 0.3, 10 times larger than the VMD model expectation, and LO x spectrum corrected for radiative effects. The three curves are very close to each other and barely distinguishable.
The data sample
A clean sample of π 0 mesons is produced in K 2π decays: the charged pion is used to tag the production of the π 0 and, since no undetected particles are present in the final state, background processes can be suppressed by applying stringent kinematic constraints on the reconstructed particle quantities. The data collected in 2007 by the NA62 experiment were obtained from about 2 × 10 10 K ± decays in the fiducial region, corresponding to about 5 × 10 9 π 0 mesons from K 2π decays. A sample of pure π 0 D Dalitz decays with negliglible background was collected using a spectrometer three-track vertex selection and reconstructing the photon in the LKr calorimeter. The final sample amounts to 1.05 Figure 2 shows the reconstructed eeγ and π ± π 0 invariant mass spectra (left and center respectively): the arrows indicate the selected region. The reconstructed spectrum of the x variable is shown in Fig. 2 (right) for the final sample of π 0 D candidates compared to the MC predictions of individual contributions from K 2πD and K µ3D decays. The acceptances evaluated with MC simulations amount to 1.81% for K 2πD and 0.02% for K µ3D decays.
Preliminary result
The value of the TFF slope parameter is measured in NA62 by adjusting the MC simulation to the data in order to get the best agreement for the π 0 D decay x spectrum obtained from the normalized differential decay width (Eq. (2)) integrated over y.
The signal region is defined as x > 0.01 since the event acceptance at low x value is not well reproduced by the simulation: this choice does not affect the final result because the π 0 D x spectrum is not sensitive to TFF effects for x value close to zero, as shown in Fig. 1 . A χ 2 fit to the reconstructed x spectrum of data and MC simulation with different slopes is used to extract the TFF slope value using an equipopulous binning. The different hypotheses are tested by reweighing the MC events to create x distributions with different slope values from the same MC sample generated using a constant TFF slope a sim = 0.032. The uncertainties on the measurement are listed in Table 1 . The preliminary result is: The result is illustrated in Fig. 3 (left) where the effect of a positive TFF slope is clearly seen from the ratio of the reconstructed data to a MC distribution with slope a=0. The red solid line corresponds to a TFF function with the slope equal to the best fit central value, while dashed lines indicate the 1 σ band. This result is the first observation (at about 5.8 σ significance) of a non-zero TFF slope in the time-like momentum transfer region and represents the more precise π 0 TFF slope measurement to date. The NA62 measurement can be directly compared to those of other experiments [14] [15] [16] [17] obtained from π 0 Dalitz decays, as shown in Fig. 3 (right) : the analysed statistics is increased by a factor of ∼10 and the overall precision of the preliminary NA62 result improves the one of previous measurements.
Search for dark photon in NA48/2
The simplest hidden sector model introduces one extra U(1) gauge symmetry [18] where the interaction of a dark photon (DP) A ′ with the visible sector would proceed through kinetic mixing with Standard Model (SM) hypercharge. Such scenarios (with GeV-scale dark matter) provide possible explanations for the observed positron fraction excess in cosmic-rays and also offer a possible solution to the muon gyromagnetic ratio (g−2) µ anomaly [19] . The DP is characterized by two a priori unknown parameters, the mass m A ′ and the mixing parameter ε 2 . It can be produced in π 0 decays via the chain π 0 → γA ′ , A ′ → e + e − with the expected branching ratio [20] : 
Since for 2m e ≪ m A ′ < m π 0 the DP mean proper lifetime τ A ′ satisfies the relation
for sufficiently large values of m A ′ and ε 2 the DP decay is assumed to occurr at the production point: in this case the DP decay signature is identical to that of the Dalitz decay π 
Event selection
The NA48/2 experiment collected a large sample of K ± decays in flight providing a sample of pure π
The full NA48/2 data sample is used in this analysis consisting in the search for the decay chains starting from a K 2π or K µ3 decay followed by the prompt decay π 0 → γA ′ , A ′ → e + e − . A detailed description of the event selection can be found in Ref. [21] . The selection of both decays requires three-track vertices reconstructed in the fiducial decay region and two opposite sign electrons; charged particle identification is based on the ratio of the energy deposited in the LKr calorimeter to the momentum measured by the spectrometer; a single isolated LKr energy deposition cluster defines the photon candidate. The event selection criteria for the two channels are identical up to the momentum, invariant mass and particle identification conditions applied to classify an event as a K 2π or K µ3 candidate. Table 2 . Number of data events passing the K 2πD and K µ3D selection and their acceptances computed with MC simulations.The statistical errors on the acceptances are negligible.
In addition to the individual DP selections for K 2π and K µ3 decays, a joint DP selection is considered for events passing either the K 2π or the K µ3 criteria: the acceptance of the joint selection is the sum of the acceptances of the two mutually exclusive individual selections. The K ± → π ± π 0 π 0 (K 3π ) decay is considered as a background in the K µ3 sample. The Dalitz decays K 2πD and K µ3D are selected excluding the DP mass cut from the selection criteria. The number of events passing the selection criteria (taking into account cross-feeding between decay modes) are listed in Table 2 Figure 4 shows the reconstructed invariant mass spectra for data and MC events passing the Dalitz decay selection: MC samples [21] are normalized to the data using the estimated number N K of total K ± decays in the fiducial decay region (N K = (1.57 ± 0.05) × 10 11 ).
Search for dark photon signal
A scan for a DP signal is performed in the mass range 9MeV/c 2 ≤ m A ′ < 120MeV/c 2 , where the lower boundary is determined by the limited accuracy of the π 0 D background simulation at low m ee . For DP masses approaching the upper limit of the mass range the sensitivity to the DP mixing parameter ε 2 is not competitive with the existing limits due to the kinematic suppression of the π 0 → γA ′ decay. For each of the 404 considered DP masses, the number of observed data event N obs passing the joint DP selection is compared to the estimated number of background events N exp evaluated from MC simulations. The local statistical significance of the DP signal for each mass hypothesis, shown in Fig. 5(Le f t) , never exceeds 3σ, therefore no DP signal is observed. Upper limits (UL) at 90% CL on the number of DP candidates N DP for each mass value are computed from N obs , N exp and δN exp using the frequentist Rolke-Lopez method [22] , while the upper limits at 90% CL on the branching fraction B(π 0 → γA ′ ), shown in Fig. 5 (Right), are computed under the assumption that B(A ′ → e + e − ) = 1 (which is a good approximation for m A ′ < 2m µ if A ′ decays to SM fermions only). Details about the UL computation can be found in Ref. [21] . The upper limits at 90% CL on the mixing parameter ε 2 for each DP mass value are calculated from the B(π 0 → γA ′ ) upper limits using Eq.(3). They are compared in Fig. 6 to other published exclusion limits [23] [24] [25] [26] [27] [28] [29] . Also shown in the figure are the band in the (m A ′ , ε 2 ) plane where the discrepancy between the measured and calculated muon (g − 2) µ values falls into the ±2σ range and the region excluded by the electron (g − 2) e measurement [19, 30, 31] .
This result improves the existing UL on the mixing parameter ε 2 in the m A ′ range 9 − 70MeV/c 2 . In combination with other experimental limits and under the assumption that the DP couples to quarks and mainly decays into SM fermions, this result rules out the DP as possible explanation for the muon (g − 2) µ anomaly.
The sensitivity on the prompt A ′ search is limited by the irreducible π 0 D background. Furthermore, since the achievable UL on ε 2 scales as the inverse of the square root of the integrated beam flux, only modest improvements using the presented technique are expected with future larger K ± samples.
Conclusions
The NA62 experiment has performed a preliminary measurement of the π 0 electromagnetic TFF in the time-like region of momentum transfer from a sample of about one million fully reconstructed π , the most precise to date, is compatible with theoretical expectations and consistent with the previous measurements.
A search for dark photon A ′ produced in the π 0 → γA ′ decay followed by the prompt A ′ → e + e − decay has been performed by the NA48/2 experiment from a sample of about 1.7 × 10 7 reconstructed π 0 D candidates, using data collected in [2003] [2004] . No DP signal is observed: the final NA48/2 result [21] gives the most stringent upper limits on the mixing parameter ε 2 in the A ′ mass range 9 − 70MeV/c 2 .
